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1.0 Introduction

Lawrence Livermore Nationd Laboratory (LLNL) is engaged in a broad range of activities
that support the development of Inettid Fuson Energy (IFE). These include 1) the
congruction of the Nationa Ignition Fecility (NIF); 2) target design for both laser and heavy
ion drivers including work on fast ignition; 3) heavy ion driver development; 4) diode
pumped solid date laser (DPSSL) development; and 5) chamber and power plant design and
assesament activities. These efforts are summarized in this report.

2.0 National Ignition Facility

The NIF is being congructed a LLNL. The powerful neodymium-doped glass laser will be
the worlds largest, and its experiments will access high-energy-density and fuson regimes
with direct agpplications to stockpile stewardship, energy research, science, and astrophysics.
Enabling NIF Project technologies come from the Laser Science and Technology Program,
which deveops advanced <olid-state laser and optics technologies, and the Inetid
Confinement Fuson Program, which advances research and technology development in aress
such as fuson target theory, design, fabrication, and testing. The project is a naiond
collaboration between government, industry, and academia, including Sandia Nationd
Laboratories, Los Alamos National Laboratory, the University of Rochester Laboratory for
Laser Energetics, Generd Atomics, the Naval Research Laboratory, and a multitude of
indugrid partners throughout the nation. When fully completed, NIF will use 192 beamlines
grouped in 24 bundles to deliver about 1.8 MJ of 1/3 nm laser light to the target. Firdt light is
now anticipated in 2003, and the full 192 beams in 2008. Key to IFE will be the
demondration of ignition of aDT fud capsule and target gain on the order of 20 or more.

3.0 IFE Target Design Program

The nationd Inertidl Confinement Fuson (ICF) Program, supported by Defense Programs in
the Depatment of Energy, has made dggnificant progress in underdanding the physics of
inetid fuson. In paticular, the indirect drive gpproach is aufficiently wel understood to
justify the congtruction of the NIF. However, sgnificant additiond work must be performed
to move from this cgpability to the requirements of affordeble energy from fuson.  These
improvements range from target gain increases, to condgency of the target design with
vaious driver capabilities, to consdency of the target desgn with the illumination
requirements of various chamber concepts and to congstency with target fabrication
capabilities. The IFE target desgn program a LLNL includes work on heavy-ion targets,
laser targets, advanced target concepts such as fast ignition and advanced fuds.



3.1 Heavy lon Targets

For heavy ion fudgon, the basdine approach is an indirect drive target with “disributed
radiators’ [1,2,3]. Because heavy ion accderators are efficient, relatively low gains (~ 40)
give an adequate driver efficiency times gan (hG). By udng indirect drive, we teke
advantage of the synergy with the ICF program. In addition, indirect drive targets generdly
dlow the beams to enter the target from a smal number of directions and are most compatible
with thick liquid wall chamberslike HY LIFE-11 [4].

Recent work on the distributed radiator targets has been focused on a close-coupled design
where a given cgpaule is imploded in a samdler hohlraum and roughly haves the ion beam
energy required to obtain a given yidd [5,6]. Gains of 130 @ 3.3 MJ and 90 a 1.75 MJ ion
beam energy have been obtained. Further reduction in required input energy is likely for this
sort of design, limited mainly by achievable ion beam focusing.

The firg cdculations of a new target design, which dlows a much larger ion beam foca spot,
have been recently completed. The target is predicted to get a gain of 58 from 6.7 MJ of ion
beam energy. The beam spot area increased by a factor of 2.7 over the “full-sze’ didributed
radiator target (spot radius of 4.5 mm compared to 2.7 mm) with only a 15% energy pendty.
This new target does introduce some new target physics issues including the use of a radiation
shim to control early time asymmetries on the cgpsule.

In addition to hohlraum design, we have begun work on optimizing the high yidd fud cgpaule
for indirect drive, IFE targets. To study the robustness of these high yidd capsules to surface
perturbations, two dimensond sSngle mode and mult-mode dmulations of cgpsules
absorbing ~1 MJ were peformed [7]. For the same surface roughness spectrum and
amplitude, these capsules are much more robust than ignition scde capsules. In fact, the
basdine HIF Be capsule appears to be able to withstand surface roughnesses (both ablator and
ice) severd times rougher then ignition scale cgpsules. Single mode growth factor calculations
of perturbations seeded on the inner ice surface suggest that, in contrast to ignition scae
capaules, the thicker high yield capsules are much less susceptible to feed out of perturbations
from the ice surface. We took advantage of this improved dability a the larger scde by
replacing the beryllium ablator with a plagtic (CH) ablator in a new design. This has severd
noteble advantages from the fuson energy perspective: it is thought that it might be easier to
mass produce with high qudity surface finish, it is possble to ingpect and if necessary smooth
the DT ice layer, diffuson DT filling is rapid, implying many fewer targets needed in the
gueue and a much smdler tritium inventory is necessary. The cost of these advantages is that
the plastic must be driven a a higher drive temperature (265 €V rather than 250 €V) to make
up for its poorer peformance as an ablator. We are currently studying the trade off between
surface finish requirements and drive temperature.

3.2 Laser Targets

For laser drivers, the basdline approach is direct drive targets such as the ones designed by the
Naval Research Laboratory [8]. We have employed LASNEX [9], our 2-D radiation-hydro-
burn target design code, to look at the fuson performance and 2-D dahility of laser driven,
direct-drive IFE targets. We have pad particular atention to reducing the numericd noise
inherent in the 2-D modding of such target with concurrent laser energy depostion. For the
fird time, we are ale to demondrate a full, time-dependent imploson to ignition with 2-D
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laser ray-trace in operaion from time zero. In collaboration with the Nava Research
Laboratory, we are now assessing the stability of their current laser direct-drive target designs.

3.3 Output Calculations

In order to design a reactor chamber, we need to know what form the energy produced by the
targets will have (neutrons, x-rays, charged particles). We have employed LASNEX to obtain
the energy and particle output spectra from both laser direct-drive targets and heavy ion direct
and indirect-drive targets. By adding extra thickness to the hohlraum wall for indirect drive
targets, caculaions predict that we have some control over the amount of energy that ends up
in x-rays versus charged particles. We have disseminated this information to the ARIES
reactor design team in a collaborative effort to characterize the impact on IFE reactor chamber
design and protection. Reative to the indirect-drive targets, we observe that the laser direct-
drive targets exhibit much lower x-ray outputs, but the mgority of their non-neutron yield is
directed into D and T ions from the unburned fud in the range 10's-100's keV. Such energetic
ions will determine the pressure of the chamber buffer gas necessary to protect the solid first
wadls.

3.4 Advanced Target Concepts

We are exploring the prospects for inertia confinement fusion targets based on the advanced
fuds (D-D and D-He). One hig advantage of such fudls is that, with appropriate design, the
magority of the fuson energy escapes the target as energetic charged particles and not as fast
neutrons. This suggests the potentid of employing advanced, non-therma energy converson
sysems and the gpplication to directed thrust for advanced space propulsion. Of course the
reectivities of such advanced fuson fuds only become compareble to that of D-T a
ggnificantly higher fuels temperatures. Thus such advanced fud targets will require typica
aed densties of ~10 glen? for adequate fuel burnrup and gain. Accordingly, fast ignition
techniques are required to make these concepts viable a (compression) driver energies in the
=10 MJ range. Adequate performance may be achievable by deposting the fast ignition
energy in a smdl, pre-compressed ignitor region of D-T fue that acts as a sparkplug for the
main D-D or D-*He fudl. The overdl tritium inventory in the capsule can be less than 1%, and
with appropriate design, these targets can be sdf-sudaning in tritium through the D(dp)T
branch of the D-D reaction, thus obviating the need for tritium breeding in the externd plant.

4.0 Heavy lon Drivers

Heavy lon Fuson (HIF) driver research in the U.S. is coordinated by the HIF Virtua Nationa
Laboratory (VNL), which includes, Lawrence Berkdley Nationd Laboratory (LBNL),
Princeton Plasma Physics Lab, and LLNL. The HIF Program’s long-range god is to develop
the sdentific bass for IFE driven by high-brightness heavy ion beams. The research is
divided into four broad areas 1) The High Current Experiment (HCX); 2) studies of drift
compression, beam focusing and propagation in fuson chambers 3) ion beam smulations
and theory; and 4) ion sources and injectors.

4.1 TheHigh Current Experiment (HCX)

The dngle-beam HCX [10], currently being built, will be the fird heavy-ion eectric and
megnetic quadrupole transport experiment with line charge dendty and pulse duration
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comparable to those expected for a driver. The expected advances in the understanding of the
physics of intense ion beam trangport and acceeraion will enable the determination of the
optimal beam sze and pulse duration.

The HCX is being assembled in a least two phases HCX Phase 1 will be a rdatively short
precursor (~1 year), configured primarily as an dectrogatic transport experiment. The god is
to quantify the emittance growth of a sngle driver scade beam (~700 mA and 5-7 s pulse
length) through a combination of 40 eectrodatic (6 plasma periods) and a smal number of
pulsed magnetic quadrupoles with various fill factors, quadrupole offsets, and beam centroid
seering corrections. Ten quadrupoles are planned to be in operation by October 2001. The
second phase of the HCX will better quantify intense beam transport characterigtics in
magnetic quadrupoles that are needed for a driver desgn. A first superconducting prototype
quadrupole for HCX has been successtully tested in a separate experiment at LBNL.

4.2 Drift Compression, Beam Focusing, and Propagation

This area covers the region from the exit of the accderator to the target. In terms of spatiad
configuration, it includes three mgor sections 1) the pulse compression region that conssts
primarily of a long drift region in which a beam with a head-to-tall velocity tilt is compressed
from ~100 ns a accelerator exit to £ ~10 ns near the target chamber; 2) The find focus
magnet section, consging of a number of discrete, high fidd magnets, the primary function
of which are to prepare the beam with the right entrance condition for fina transport into the
chamber, and 3) the bdlidtic neutrdized drift region that extends from the last magnet to the
target through a Hibe-filled chamber.

In the pulse compresson area, preiminary studies of the envelope and disperson were carried
out, and sengtivity to compresson retio for the Integrated Research Experiment (IRE) was
dudied with a beam fluid code HERMES. Third order aberration in find focus was studied
with WARP 3D and the quadrupole laitice was optimized to minimize aberration effects
Since the physics of chamber transport is quite complex, the primary method of attack is with
fully dectromagnetic particle-in-cel smulations [11,12]. The physcs of neutrdization is aso
dudied in scded experiments. An experiment a LBNL usng HCX and/or a lower energy
beam a MBE-4 to sudy magnetic focusng and neutrdization a higher perveance is being
planned, and engineering design has begun. A plasma source and associated diagnogtics are
being developed a PPPL. The plan is to have the hardware brought to LBNL for the find
beam experiment after testing and checkout a PPPL.

4.3 lon Beam Smulations and Theory

We are working to gpply and improve computational and theoretica tools so as to provide
comprehensve smulation and modding of ion beams, from the source to the target. The
gmulation and theory work guides our research and supports the other three research aress.
Here we present a brief overview of the full spectrum of thiswork [13].

The HIF program has developed the fundamental understanding of ion beams with orders of
megnitude more charge than in traditional accderators, but important issues remain. The
primary tasks include:

Deveopment of the necessary beam physics knowledge base.

Devdopment of the scientific bads for future fuson accderators, including an IRE and a

full-scae driver.
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Andyticd and numericd dudies contributing to the design and interpretation of
experiments including the HCX, injector, planned focusng experiments and scaed
experiments nearing completion.

Development of the computationd tools.

4.4 lon Sourcesand Injectors

Heavy lon-Driven Inertid Fusion requires beams of high brightness in order to achieve high
power densty a the target for high target gain. Thus the main god of a HIF driver is to Sart
with bright beams at the ion sources and minimize the beam loss and emittance growth during
beam accderaion and transport. The peformance and limitations of ion sources have
ggnificant impact on the entire driver sysem. The best ion source concept is the one that can
smultaneoudy achieve high current, high current density and low ion temperature.

We ae presently investigating two dternaive approaches to produce 1.0 A levd heavy ion
beams for driver-scaed experiments such as the HCX [14]. The traditiond way is to use a
large diameter (> 10 cm) surface ionization source. A preliminary desgn based on this
concept showed a very large structure with high storage energy.

The second and more recent gpproach is to extract multiple beamlets (of a fev mA each) a
very high current density near 100 mA/cn?, and then merge the beamlets after they are
individualy accderated to more than 1 MeV. The god here is to achieve brightness by
obtaining high average current dengty (including the grid trangparency factor) in order to
compensate for the high ion temperature and emittance growth from the merging process. Our
leading source technology for this option is the plasma ion sources that have the advantage of
being able to produce a variety of noble gas ions in comparison to the akai meta ions from
the surface sources.

5.0 Diode Pumped Solid Sate L asers

We have begun building the “Mercury” laser sysem as the firgt in a series of next generdion
diode-pumped solid-gate lasers for inertid fuson research [15]. Mercury will integrate three
key technologies. diodes, crystds, and gas cooling, within a unique laser architecture that is
scdadle to kilojoule and meggoule energy levels for fuson energy agpplications. The primary
near-term performance gods include 10% electricd efficiencies at 10 Hz and 100 J with a 2
10 ns pulse length at 1.047 nm wavdength.

The Mercury laser amplifier heed and gas cooled architecture has been designed in a modular
and scdable fashion, with the laser dabs mounted in aerodynamic vane dements. Gas flows
over the faces of the laser dabs in the cooling channd to remove the waste heat generated
during the lasng process. The assembled dab and vane cassette are then inserted into the
amplifier heed. The fird laser head assembly was fabricated and inddled in the Mercury
laboratory. In order to fully test the amplifier head and pump ddivery sysem this year,
aurrogate gain media (Nd:glass) were placed in the vane dements within the amplifier head.
This dlows us to test the pump ddivery efficiency, pump light uniformity within the laser
dabs, gas flow dynamics, and thermd depogdtion profiles. Once the Yb:S-FAP crysds are
ready, we can eadly switch the surrogate dabs with the crystds. We have assembled one out
of four pump delivery arms.



A criticd technology for redizing inetid fuson energy is in the cogt and efficiency of laser
diode arays. Exiging diode technica performance specifications do not currently meet the
demanding requirements of IFE. In addition, the manufacturing costs will have to be reduced
by approximately two orders of magnitude to make IFE economicaly viable. Together with
an indudrid partner, Coherent-Tutcore, we made dgnificant progress on the development of
duminum-free 900 nm laser diode bars. We packaged, characterized and life-tested arrays of
900 nm laser bars using this diode materid. About 25% of the diode tiles have been
completed thus far.

Sgnificant progress has been made in understanding the growth characteristics and defect
chemisry of Yb:S-FAP [Yb**:Sr5(PO,)sF] crystds. The growth of full size crystds has been a
chdlenge due to a number of defects, including: cloudiness in as-grown boules, bubble core
defects, grain boundaries, and cracking in larger diameter boules > 4.0 cm. We have recently
produced boules that meet the Mercury specifications and which have been fabricated into
one laser dab a this point.

A dmple scding of beam smoothing has been egtablished which is helpful in the andyss of
prospective IFE laser drivers. By applying spectrd shaping to the amplifier input and
broadband frequency converson with dua triplers, the gain narrowed bandwidth can be
increased to ~1 THz for DPSSLs. Such a laser amplifier (e.g., Mercury and its successors) is
therefore promising for use as adriver in an IFE power plant.

The rdigbility, availability and mantanability of the laser components should be deemed to
be acceptable for a future Integrated Research Experiment (kJ-class laser coupled with
average-power target chamber), and have a plausble means of ataning the driver
requirements of 1FE.

6.0 Chambersand Power Plants

In the U.S, IFE chamber and target technology work is funded by the Department of
Energy’s Office of Fuson Energy Sciences (OFES) and High Average Power Laser (HAPL)
Program. These are separate, but closdly coordinated efforts. The focus of the OFES work is
primarily on sysems for heavy ion drivers while the HAPL work focuses on laser drivers,
The scope of the work includes the following:
R&D planning — collaborating with driver desgners and target physics colleagues to
define development path to IFE power
Chamber design — focusng on requirements for high rep-rate operation and protection of
chamber structures
Driver/chamber interface — developing approaches for protection of find focus magnets
and laser optics
Safety and environmental (S&E) — oconducting assessments and maeking design
improvements to creste attractive power plants
Taget fabrication and injection — developing accurate, low-codt, high-pulse-rate systems
for ion and laser drivers
Sydem integration — fitting al the pieces together, assuring that chamber and target
technologies are compatible with target desgns and drivers and making sure that the find
power plant is attractive.
LLNL assists DOE in coordinating the OFES funded work and also conducts technica tasks
indl of the above areas except target fabrication and injection.
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6.1 Chamber Design and Chamber Driver Interface

Previous IFE power plant conceptud desgn dudies identified many  different
driver/chamber/target options and the criticd technicd issues associated with them. At this
time, R&D in the U.S. is primarily focused on two promising options. One is the renewable
thick-liquid-wal chamber (eg., HYLIFEII [4]) with indirect-drive targets and a heavy ion
driver, and the other is the gas-protected, dry-wall chamber (e.g., Sombrero [16]) with direct-
drive targets and alaser driver.

In recent years, LLNL has focused on the HYLIFE-Il design. Key issues for thick-liquid wall
chambers include 1) egtablishing the protective liquid pocket and beam port protection jets
after disruption by each pulse, and 2) condensing vaporized liquid and clearing drops to alow
target injection and beam propagetion for the next pulse. Severd university experiments (at
Georgia Inditute of Technology, the Univerdty of Cdifornia Berkeey, and the Universty of
Cdifornia, Los Angeles (UCLA)) are addressing the issues of producing the type of jets
needed, condensation, and flow recovery. LLNL has focused on the desgn integration with
particular atention to the interface with the heavy ion driver, which may have 100 beams or
more.

The key issue for the driver chamber inteface for heavy ion drivers is the desgn of
superconducting find focusng magnet aray condstent with chamber and target solid angle
limit for the required number of beams, standoff distance to the target, magnet dimenson and
neutron shielding thickness. Work over the past year has shown that the magnets can be
adequately protected from radiation damage to the point that they are expected to survive for
the 30-year life of the power plant [17].

LLNL is dso working on find optics desgn, protection, and radiaion damage sudies for
laser find optics This work is in early stages and is funded by the HAPL Program and
coordinated with the Universty of Cdifornia, San Diego and the Universty of Cdifornia, Los
Angeles. It includes radiation exposure of candidate optics materid, high temperature
annealing, and neutron damage modding.

6.2 Environmental, Safety and Economic Assessments.

LLNL has been active in improving S& E assessment tools for IFE and applying these tools to
the andyses of the SOMBRERO and HYLIFEIl power plants. Working closely with the
Idaho Nationd Engineering and Environmentd Lab (INEEL), we have modified the
MELCOR and CHEMCON codes, which are the standard codes used by Magnetic Fusion
Energy Program. Andyses of worst-case accident scenarios for SOMBRERO and HYLIFE-1I
have shown reatively favorable results assuming average weather conditions, but additiona
work is needed for the conservative weather case [18, 19].

7.0 Conclusion

LLNL has a dggnificant effort devoted to the development of IFE. In additiond to building the
NIF, which will demondrate a key milestone for the feashility of IFE, LLNL is designing
targets for both laser and heavy ion drivers (including fast ignition), developing heavy ion
drivers as a mgor pat of the HIF Virtud Nationd Laboratory, developing DPSSL
technology, and playing key roles in chamber and power plant desgn and assessment work.
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In dl these areas, key physics, engineering and integration issues have been identified, and the
R& D programs are focused on resolving them in a sdf-cons stent manner.
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